Accurate quantification of energy and mass transfer during soil water evaporation is critical for improving understanding of the hydrologic cycle and for many environmental, agricultural, and engineering applications. Drying of soil under radiation boundary conditions results in formation of a dry surface layer (DSL), which is accompanied by a shift in the position of the latent heat sink from the surface to the subsurface. Detailed investigation of evaporative dynamics within this active near-surface zone has mostly been limited to modeling, with few measurements available to test models. Soil column studies were conducted to quantify nonisothermal subsurface evaporation profiles using a sensible heat balance (SHB) approach. Eleven-needle heat pulse probes were used to measure soil temperature and thermal property distributions at the millimeter scale in the near-surface soil. Depth-integrated SHB evaporation rates were compared with mass balance evaporation estimates under controlled laboratory conditions. The results show that the SHB method effectively measured total subsurface evaporation rates with only 0.01-0.03 mm h−1difference from mass balance estimates. The SHB approach also quantified millimeter-scale nonisothermal subsurface evaporation profiles over a drying event, which has not been previously possible. Thickness of the DSL was also examined using measured soil thermal conductivity distributions near the drying surface. Estimates of the DSL thickness were consistent with observed evaporation profile distributions from SHB. Estimated thickness of the DSL was further used to compute diffusive vapor flux. The diffusive vapor flux also closely matched both mass balance evaporation rates and subsurface evaporation rates estimated from SHB. [1] Accurate quantification of energy and mass transfer during soil water evaporation is critical for improving understanding of the hydrologic cycle and for many environmental, agricultural, and engineering applications. Drying of soil under radiation boundary conditions results in formation of a dry surface layer (DSL), which is accompanied by a shift in the position of the latent heat sink from the surface to the subsurface. Detailed investigation of evaporative dynamics within this active near-surface zone has mostly been limited to modeling, with few measurements available to test models. Soil column studies were conducted to quantify nonisothermal subsurface evaporation profiles using a sensible heat balance (SHB) approach. Eleven-needle heat pulse probes were used to measure soil temperature and thermal property distributions at the millimeter scale in the near-surface soil. Depth-integrated SHB evaporation rates were compared with mass balance evaporation estimates under controlled laboratory conditions. The results show that the SHB method effectively measured total subsurface evaporation rates with only 0.01-0.03 mm h
Introduction
[2] Accurate quantification of energy and mass transfer during soil water evaporation is critical for improving our understanding of large scale hydrologic and climatic patterns as well as for many environmental, agricultural, and engineering applications. Soil water evaporation has frequently been considered a three stage process [Lemon, 1956; Feddes, 1971; Idso et al., 1974] starting with a relatively high and constant evaporation rate (stage 1) followed by a falling rate (stage 2), and eventually shifting to a very low and relatively constant rate (stage 3). During stage 1, water is available at the soil surface and evaporation is limited by atmospheric evaporative demand [Lemon, 1956] . At this stage, a large portion of the surface net radiation is readily dissipated as latent heat of vaporization. With progressive drying, the surface soil comes in equilibrium with the overlying air and it becomes approximately air-dry [Hillel, 1980] . This results in formation of a dry surface layer (DSL), also referred to as ''soil mulch'' [Kimball, 1973] , which acts as a barrier to liquid water flow from moist subsurface soil to the dry soil surface [Jalota and Parihar, 1998 ]. This process also has a significant effect on heat and mass transfer within the soil [Liu et al., 2005] . Hillel [1971] and Campbell [1985] reported that vaporization of water occurs at the bottom boundary of the DSL. This was confirmed by laboratory [Yamanaka et al., 1997] and numerical experiments [Yamanaka et al., 1998 ], which concluded that in addition to the vaporization occurring at the bottom boundary of the DSL, transient vaporization or condensation also occurs within the DSL when there are notable changes in soil temperature [Yamanaka and Yonetani, 1999] . Recently, Novak [2010] studied dynamics of the near-surface evaporation zone numerically in a bare, drying silt-loam soil under clear sky conditions and observed a strong diurnal pattern superimposed on interdiurnal changes associated with progressive drying. The Novak [2010] simulation indicated that the transition between surface and subsurface evaporation occurred daily early in the drying period, and it affected the surface energy balance and near-surface temperature and water content profiles.
[3] Radiant energy fluxes at a dry soil surface in a field environment result in steep temperature gradients, making the surface soil heat flux a large fraction of the surface energy budget [de Vries and Philip, 1986; Mayocchi and Bristow, 1995; Heitman et al., 2010] . Partitioning of this surface heat flux between latent and sensible heat within soil depends on tightly linked thermal and hydraulic processes. Soil thermal properties control the energy available for subsurface evaporation by influencing conduction heat flow and sensible heating, while soil hydraulic properties control the rate of liquid water supply from the moist subsurface to the evaporation zone, as well as the rate of vapor loss from the soil surface. The depth of soil drying or location of the evaporation front depends on the balance between transfer rates of heat, liquid, and vapor [Bitelli et al., 2008] . Previous studies by Idso et al. [1974] recognized a connection between changes in surface albedo (indicating surface drying) and the onset of falling-rate evaporation, suggesting a loss of liquid water connectivity to the surface at the beginning of stage-2 evaporation. Idso et al. [1975] further connected falling rate evaporation to the soil energy budget, making use of increasing soil surface temperatures to mark the transition to falling-rate evaporation.
[4] Several recent studies have attempted to better elucidate soil hydraulic controls on evaporation through experiment, focusing on differences between early and late stage evaporation. By measuring evaporation from an initially saturated porous media under isothermal conditions, reported ''jumps'' in the evaporation front from the surface to the subsurface at the end of stage 1. They reported that the jump length is affected primarily by porous media properties. Shokri and Salvucci [2011] related the low rate of evaporation during late stage evaporation to the water table depth at which the liquid water connection to the surface is lost for several sand materials under isothermal conditions. emphasized the need for further investigation to accurately characterize the abruptness and dynamics of the important transition from high rate to low rate stage evaporation (i.e., stage 1 to stage 3). Most soil water evaporation in arid regions occurs during stage 2 [Brutsaert and Chen, 1995; Snyder et al., 2000; Ventura et al., 2001] and under nonisothermal, transient conditions, which further emphasizes the need to thoroughly investigate this important transition in evaporation regimes, as well as related implications for the surface energy budget.
[5] To date, few attempts have been mato quantify subsurface evaporation profiles, especially under nonisothermal, transient conditions. This requires detailed fine-scale investigation of the highly dynamic near-surface zone. Measurements necessary to capture the dynamics in the near-surface zone, however, are very challenging which is presumably a main reason for related knowledge gaps in the soil water evaporation literature on transitions between early and late stage evaporation. A sensible heat balance (SHB) approach based on fine-scale temperature and thermal property measurements in the near-surface zone has been proposed to estimate subsurface, nonisothermal evaporation under transient conditions [Heitman et al., 2008b [Heitman et al., , 2008c . The SHB approach estimates latent heat flux for a soil layer as the residual to a balance between the divergence in sensible heat flux across the layer and the change in sensible heat storage for the soil layer. Field experiments [Heitman et al., 2008b [Heitman et al., , 2008c Xiao et al., 2011] and model evaluations [Sakai et al., 2011] indicate that the SHB approach is accurate for measuring in situ, subsurface soil-controlled evaporation. The main limitation of the SHB approach in these studies was the inability of instrumentation to quantify evaporation during the initial shift between surface and subsurface evaporation, when evaporation occurs at depths shallower than approximately 3 mm [Sakai et al., 2011] . Specifically, depth resolution was constrained by the 6 mm needle spacing of the three-needle probe design used in the original SHB studies to measure near-surface temperature gradients. Recent adaptations to the probe design, with closer needle spacing near the surface, have narrowed this ''undetectable'' zone to as shallow as 0.5 mm soil depth (i.e., the midpoint between the shallowest temperature sensing needles at 0 and 1 mm depths) [Zhang et al., 2012] . Full realization of the potential of the SHB approach, using improved instrumentation, requires further testing and evaluation.
[6] Considering the knowledge gaps for evaporation, especially related to the transition between atmospherically controlled and late stage evaporation under nonisothermal conditions, and the potential utility of the measurementbased SHB approach to study the highly dynamic nearsurface layer, we conducted experiments with three primary objectives: (1) evaluate SHB-estimated evaporation under controlled laboratory nonisothermal conditions by comparing it with mass balance evaporation estimates; (2) quantify subsurface, nonisothermal evaporation profiles during falling rate evaporation; and (3) examine the development of the DSL during falling rate evaporation.
Materials and Methods

General Experimental Setup and Soil Properties
[7] Studies were conducted under controlled laboratory conditions to allow data collection during a continuous drying event and to have an accurate mass evaporation estimate to validate the SHB-estimated evaporation. Nonisothermal conditions were chosen to simulate drying under radiation boundary conditions common in the field. A steady state evaporation study was conducted first to test SHB approach under simple conditions. A transient evaporation study was also performed to quantify subsurface evaporation profiles over a drying event. A 34 cm long open top column, constructed of 6 in. (15.25 cm inside diameter) polyvinyl chloride (PVC), was packed with sand material, similar to that used by Arya et al. [2008 Arya et al. [ , 2010 , at a uniform bulk density of 1.65 g cm
À3
. The bottom of the column was connected to a Marriott bottle to wet the soil from the bottom and also to control the saturated zone within the column (Figure 1a) . The soil column and Marriott bottle were placed on separate weighing scales for measuring the mass losses of water. Mass losses of water from the soil column and Marriott bottle were manually recorded at 0.1 g resolution using separate digital scales. A ceramic heat emitter was installed at 20 cm distance above the column to uniformly heat the soil surface.
[8] The particle size distribution of the sand material is given in Table 1 (adapted from Arya et al. [2008] ); saturated hydraulic conductivity is 2.8 m h
À1
. Wet end water retention at zero (saturation) to 100 cm tension (equivalent to À100 cm soil water pressure head) was determined destructively following Howard et al. [2010] (Figure 2 ; data shown for 0 to À30 cm range). Eleven-needle heatpulse probes (Figure 1b details in section 2.2) were used for measurement of soil temperature and thermal properties. In addition to heat-pulse data collected during the experiments (described below), the soil thermal conductivity ()-volumetric water content () relationship for the sand was determined independently by packing the soil in a separate column at a bulk density ¼ 1.65 g cm À3 and measuring at various using the KD2 Pro Thermal Property Sensor (Decagon Devices Inc., Pullman, WA). The observedrelationship for this soil closely matches the Chung and Horton [1987] model for for sandy soils (Figure 3 ).
Soil Heat Balance
[9] The SHB approach was proposed by Heitman et al. [2008b Heitman et al. [ , 2008c as a method for estimating subsurface evaporation. Fine-scale temperature and thermal property measurements collected with heat-pulse probes (HPP) are used to compute the heat balance for a soil layer. For this study, heat-pulse measurements were taken using an 11-needle HPP [Zhang et al., 2012] . All 11 needles of the HPP contained 40-gauge type E (chromel-constantan) thermocouples for temperature measurement (Figure 1b) . The four longer needles also contained a resistance heater made of 38-gauge Nichrome 80 wire for producing a heat pulse. Further details on the HPP design are given by Zhang et al. [2012] . The HPP was installed in vertical orientation with its needles parallel to the soil surface and the top needle barely covered with soil. The HPP was used for two functions: (1) collecting soil temperature data each hour to assess temperature gradients imposed between the surface and subsurface boundaries of the soil column; and (2) making heat-pulse measurements from each heater needle every 2 h to determine soil thermal properties.
[10] Measurements included soil temperatures at all 11 needle locations at 0, 1, 2, 6, 12, 18, 24, 30, 36, 42 , and 48 mm depths followed by heat-pulse measurements via two heaters at a time. Heaters 1 and 3, located at 6 and 30 mm depth, respectively, were activated together after one ambient temperature measurement; and heaters 2 and All 11 needles contain thermocouples. The four long needles also contain a resistance heater. Spacing between adjacent needles is 6 mm for needles positioned along the vertical midline of the probe. The upper three needles are spaced at 1 mm increments vertically; each of the three uppermost needles is at 6 mm radial spacing from the uppermost heater needle. 4, located at 18 and 42 mm depths, respectively, were activated together after the next ambient temperature measurement 1 h later. The heaters were activated for 8 s. Temperature traces of the needles adjacent to the heaters were recorded at 0.5 s intervals for a total of 100 s during each heat pulse measurement. A 1 h recovery period was given after each heatpulse cycle to allow local temperatures to return to ambient temperature before the next soil temperature measurement. A data logger (CR 3000, Campbell Scientific, Logan, UT) was used to collect temperature and heat-pulse data. Temperature responses of needles adjacent to heater needles were used to compute soil thermal diffusivity and volumetric heat capacity following Bristow et al. [1994] and Knight and Kluitenberg [2004] , respectively, and thermal conductivity () was determined as the product of thermal diffusivity and volumetric heat capacity.
[11] Temperature and thermal property data were used as described by Zhang et al. [2012] to compute the sensible heat balance for different soil layers with layer boundaries corresponding to the middle of adjacent needles. Latent heat flux originating from these layers was estimated following the sensible heat balance for a soil layer [Gardner and Hanks, 1966] :
where LE is the latent heat flux, H 1 and H 2 are the conduction heat fluxes at upper and lower boundaries of the soil layer, respectively, and ÁS is the change in sensible heat storage for the layer.
[12] Heat flux at the middle location of two adjacent needles was calculated from temperature gradient and heat pulse estimated . For calculating the temperature gradient, apparent spacing between the needles was determined by calibrating the probe in agar-stabilized water before probe installation [Campbell et al., 1991] . Change in sensible heat storage ÁS was calculated from volumetric heat capacity and the change in ambient temperature of the soil layer during a given time step [Ochsner et al., 2007] . Detailed conceptual background of this method is given by Heitman et al. [2008b Heitman et al. [ , 2008c .
Steady State Evaporation
[13] For the steady state evaporation experiment, the soil was initially saturated and then drained to reach equilibrium with a constantly maintained water table at 29 cm below the soil surface. The upper boundary conditions were constant radiation maintained via the ceramic heat emitter (150 W), zero wind speed, and constant relative humidity (30%) at constant air temperature (20 C) . An open pan evaporation rate of 0.7 mm h À1 was observed under these boundary conditions. The lower boundary conditions were constant temperature (20 C) at equilibrium with the simulated water table positioned and maintained 29 cm below the soil surface using the Marriott bottle. The initial condition for water content was a drained profile at equilibrium with the water table (Figure 2 ). The column was left under the described boundary conditions until the soil column mass became constant and a steady change in mass with time was observed for the Marriott bottle, indicating steady state evaporation conditions. Steady state evaporation was observed (via mass measurements) after approximately 70 h. Thereafter, both SHB and mass balance measurements were recorded from 72 to 120 h.
Transient Evaporation
[14] For the transient evaporation experiment, the same soil column set up as the steady state evaporation study was used, except that there was no external water supply to the column during the study. The column was first saturated and drained such that the initial water content condition was a drained profile ( Figure 2 ) with a water table at 29 cm depth. Water supply to the column was then disconnected at 0 h. At the same time, the heat emitter was turned on to maintain a constant radiation load at the soil surface. As before, an open pan evaporation of 0.7 mm h À1 was observed under the experimental conditions. Mass-loss evaporation, soil temperature, and heat-pulse data were collected for a period of 90 h. ) recorded under the same surface boundary conditions, indicates soil-limited evaporation. After 70 h of drying under these conditions, the soil surface was visibly dry, indicating formation of a DSL and shift in control of evaporation from atmosphere to soil.
Results and Discussion
[16] Figure 4a shows the temperature profile near the surface of the column. The steepest temperature gradient was observed for the 0-1 mm soil layer. The inflection point in the temperature profile was at approximately 1 mm, suggesting a heat sink and/or a sharp contrast in soil thermal properties [Heitman et al., 2008a] . Calculating heat flux requires a known temperature gradient and at the depth of interest. In this study, using the 11-needle HPP, we were able to measure near-surface temperature gradients for 0-1, 1-2, and 2-4 mm layers. Thermal properties of the 0-1 and 1-2 mm layers cannot be measured directly using the HPP because the first heater needle is located at 6 mm depth (6 mm radial distance from the needles at 1 and 2 mm depths) in accordance with geometric constraints imposed by the heat-pulse method [Zhang et al., 2012] . We were, however, able to detect differences in thermal properties of the 0-6, 1-6, and 2-6 mm depth layers based on temperature responses at 0, 1, and 2 mm depths to the heat input from the heater needle at 6 mm depth.
[17] Thermal conductivities of 1.35, 1.45, and 1.51 W/(m C) were recorded for the 0-6, 1-6, and 2-6 mm layers, respectively. A comparison between of the 0-6 mm layer and that of the 2-6 mm layer shows that including the surface 0-2 mm depth increment resulted in significant decrease in bulk for the 0-6 mm depth layer. Alternately, for the 1-6 mm layer is relatively close to that of the 2-6 mm layer. This suggests that the 0-1 mm layer had much lower as compared to the wetter subsurface layer. Thermal resistance of a layer per unit area can be expressed as the ratio of thickness of the layer to the thermal conductivity of the layer. For heat flow perpendicular to soil layers, effective thermal resistance will be equal to the sum of thermal resistance values of constituent layers (analogous to resistance in series). Hence, the effective thermal resistance is equal to the depth-weighted harmonic mean of the thermal conductivities of constituent layers. By assuming for the 1-6 mm layer as a depth-weighted harmonic mean of for the 1-2 and 2-6 mm layers, and treating for the 1-2 mm layer as the unknown, we estimated of the 1-2 mm layer to be 1.22 W/(m C). Similarly, by assuming for the 0-6 mm layer as a harmonic mean of for the 0-1, 1-2, and 2-4 mm layers with of the 0-1 mm layer unknown, we estimated for the 0-1 mm layer to be 0.83 W/(m C). Thus, a complete near-surface thermal property profile was obtained (Figure 4b ).
[18] Soil samples were collected destructively from the 0-1 and 1-2-mm soil layers of the experimental soil column under steady state evaporation conditions. Water content of the collected samples was determined gravimetrically and converted to using the column bulk density. Thermal conductivity corresponding to measured of the 0-1 and 1-2 mm depth layers from the independently obtainedrelationship ( Figure 3) were 0.75 and 1.05 W/(m C), respectively. These values were similar to the estimated values of 0.83 and 1.22 W/(m C), respectively, indicating that the estimated values well represented thermal properties in the ''undetectable'' near-surface zone described by Sakai et al. [2011] .
[19] Evaporation rates estimated using the SHB (equation (1)) were 0.26 and 0.03 mm h À1 for the 0.5-1.5 and 1.5-4 mm layers, respectively, with no measureable evaporation in deeper layers (Figure 4c ). In the full evaporation zone of 0-4 mm, 90% of evaporation occurred in the 0.5-1.5 mm layer, which corresponds with the inflection point in the temperature profile (Figure 4a ). This peak rate of evaporation within the 0-2 mm layer indicates that the downward migration of the DSL was restricted by the constant water supply from the relatively shallow water table.
[20] The depth-integrated evaporation rate (i.e., summation of evaporation rate for all depth increments) estimated by the SHB approach was 0. approach under controlled laboratory conditions, support less precise tests under field conditions [Heitman et al., 2008b [Heitman et al., , 2008c Xiao et al., 2011] , as well as numerical studies for isothermal and nonisothermal conditions [Sakai et al., 2011] , and demonstrate that the SHB approach is accurate for measuring the in situ, subsurface evaporation rate.
Transient Evaporation
[21] As described before, for the transient experiment, the water supply was disconnected and the heat emitter was turned on at time 0. Immediately after turning on the heat emitter, a high mass balance evaporation rate of 0.61 mm h À1 , comparable to pan evaporation rate of 0.7 mm h À1 , was recorded in the first hour. The mass balance evaporation rate dropped to 0.38 mm h À1 by 5 h ( Figure 5 ) and remained nearly constant until approximately 40 h. Experimental conditions essentially resulted in very short-lived stage-1 type conditions (<2 h) followed by a period of near-constant stage-2 evaporation (2 to 40 h), buoyed by water storage in the bottom of the column. The initial condition of a drained profile with water table at 29 cm left 5 cm of saturated soil at the bottom of the column. This provided a water supply for maintaining the evaporation front close to the surface, but the rate at which water was supplied was not enough to maintain evaporation at potential rate. This resulted in a near-constant, soil-limited evaporation from 2 to 40 h and prolonged the period before transient falling-rate evaporation was observed. The soil surface became visibly dry around 30 h into the drying period. A steep decrease in evaporation rate was observed from 40 to 78 h with evaporation rates decreasing from 0.33 to 0.14 mm h
À1
. A relatively low and constant evaporation rate (approximately 0.14 mm h
) was observed from 78 to 90 h (when measurements were discontinued), possibly indicating stage-3 evaporation.
[22] Figure 6a shows soil temperature profiles for the 0-18 mm layer at different times during the transient evaporation experiment. The shape of the temperature profile remained almost constant from 1 to 10 h with approximately 3.5 C increase in ambient temperature. About 1 C increase in temperature was observed from 10 to 30 h. A comparison between 30 and 40 h shows that the temperature profile for 0-2 mm depth layer became steeper at 40 h. This change in soil temperature profile at 40 h coincides with the beginning of a steep decrease in mass balance evaporation rates ( Figure 5 ). The temperature profile for the 2-6 mm depth layer is steeper at 50 h as compared to that at 40 h. The temperature profile in the 6-12 mm depth zone became relatively steep at 70 h as compared to that at 50 h. The soil temperature profile remained almost the same from 80 to 90 h. This coincides with the low, constant mass balance evaporation rate during this period ( Figure 5) .
[23] For the steady state evaporation experiment (section 3.1), the thermal property profile remained constant with time, which allowed precise estimates by repeated heatpulse measurements under the same conditions. Similar efforts under transient conditions produced inconsistent results. So, for the transient experiment, heat-pulse estimated for the 0-6 and 1-6 mm layers were used directly for heat flux calculations at 0.5 and 1.5 mm depths following Zhang et al. (Figure 3) , indicating an almost air-dry 0-2 mm layer from 40 h onwards. The profile remained almost constant from 80 to 90 h corresponding to the period of low and constant mass balance evaporation.
[24] Using temperature and profiles shown in Figure 6 , total subsurface evaporation rates of 0.21 and 0.28 mm h À1 were observed at 28 and 32 h, respectively. These values were lower than the mass balance evaporation rates of 0.35 and 0.34 mm h À1 at the same times, respectively. These data indicate that at 28 and 32 h some evaporation was still taking place at the surface or shallower than the 0.5 mm depth. An increasing proportion of evaporation originating from the subsurface with progressive drying (0.21 mm h À1 at 28 h and 0.28 mm h À1 at 32 h) suggests a transition from surface to subsurface (depth > 0.5 mm) evaporation.
[25] Figure 7 shows SHB estimated subsurface evaporation rates in comparison to mass evaporation at 40 h and thereafter. Total subsurface evaporation rates estimated by the SHB approach were 0.36, 0.23, 0.17, and 0.14 mm h À1 at 40, 56, 66, and 78 h, respectively, which were close to the mass evaporation rates of 0.33, 0.21, 0.18, and 0.14 mm h À1 observed at the same times, respectively. This period corresponded to the falling rate evaporation stage indicated by a steep fall in mass balance evaporation rates between 40 and 78 h. At 40 h, the SHB estimated evaporation rate (0.36 mm h À1 ) originated from the 1.5-4 mm depth layer indicating a very narrow evaporation zone close to the surface (Figure 8 ). With further drying of the soil, the evaporation front moved deeper and widened from 40 to 66 h, eventually reaching a very low evaporation rate Figure 5 . Evaporation (E) from the soil column determined by mass balance during transient evaporation.
of 0.14 mm h À1 at 78 h with 77% of evaporation occurring in the 9-15 mm depth layer. Later at 84 h, the subsurface evaporation rate stayed the same as that observed at 78 h (possibly indicating stage-3 evaporation) but the evaporation front narrowed, with all of the subsurface evaporation occurring in the 9-15 mm layer.
[26] Comparison of the SHB estimated evaporation with mass balance data shows that there was a transition from surface to subsurface evaporation, with some evaporation occurring below 0.5 mm depth at 28 and 38 h. After 40 h, the SHB estimated evaporation was close to the mass balance evaporation, indicating that evaporation was taking place entirely within the subsurface (below 0.5 mm depth). This suggests that there was a loss of liquid water connectivity to the surface at about 40 h or possibly earlier. This agrees with suggestions by Idso et al. [1974] about the loss in liquid water connectivity to the surface at the beginning of falling rate evaporation (stage 2). After this time period, the SHB approach effectively estimated subsurface evaporation with only 0.01 to 0.03 mm h À1 difference between SHB and mass balance. The SHB approach also provided an estimate of the evaporation profile and showed the dynamics of the evaporation front at millimeter scale over a drying event, which has not been demonstrated before, except with numerical modeling [e.g., Novak, 2010] .
Estimation of the Thickness of the Dry Surface Layer
[27] The undetectable zone close to soil surface remains a challenge in studying energy and mass transfer with the SHB approach in the highly dynamic near-surface zone [Sakai et al., 2011 ]. It may not be possible to directly measure thermal properties of this undetectable near-surface zone with sensor designs implemented to date. In the present experiment we were able to detect the differences in of the 0-6, 1-6, and 2-6 mm depth zones using an 11-needle HPP. For steady state evaporation conditions, profiles remained constant with time, so we were able to further make repeated heat-pulse measurements for estimating of different layers. We were also able to test these estimates via destructive sampling. Under transient conditions, however, a similar exercise is cumbersome and probably not feasible.
[28] To further evaluate the implications of heat-pulse estimated thermal properties under transient conditions, we consider an approximate structure for the DSL and underlying soil. After formation of a DSL, the near-surface soil layer is approximately composed of two different zones of contrasting water content and thermal properties ( Figure 9 ). We refer to this near-surface layer as a transition layer where the distributions of moisture and thermal properties are varying rapidly with drying, i.e., the thickness of the DSL changes rapidly under transient conditions. Estimated thickness of the DSL at a given time during a drying period can give important information about the dynamics of the subsurface evaporation front and possible mechanisms for heat transfer.
[29] The near-surface soil layer (transition layer with thickness z trans ) can be divided into two zones, a DSL of thickness z dry and a wet subsurface layer of thickness z wet , so that z trans À z wet ¼ z dry (Figure 9 ). Thermal conductivity of the near-surface transition layer ( trans ) can be expressed as the depth weighted harmonic mean of of the constituent layers (as described in section 3.1):
where subscripts dry and wet indicate properties for dry and wet layers, respectively.
[30] We estimated trans from the bulk heat-pulse measurements in the near-surface layer, i.e., 0-6 mm depth. Thermal conductivity for the wet subsurface layer was estimated from heat-pulse measurements at the bottom boundary of the transition layer, i.e., 6-12 mm depth. Thermal conductivity of the DSL ( dry ) was estimated from independent measurements of dry soil at the same bulk density. The thickness of the DSL (z dry ) could then be calculated from equation (2) and heat-pulse measurements collected throughout the evaporation experiments. Kluitenberg et al. [2010] suggested that measured by heat-pulse sensors may be more robust than heat capacity and thermal diffusivity measurements (i.e., less sensitive to needle spacing change). Thus we used measured for estimation of DSL thickness instead of considering other thermal properties. The estimation of thickness of DSL by equation (2) is independent of evaporation profiles determined from the SHB (described in previous sections) but both are related by using the same heat-pulse determined thermal properties in calculations.
[31] The thickness of the DSL calculated for the steady state evaporation experiment was about 1 mm, which indicates that the evaporation front remained close to the soil surface. The subsurface evaporation estimated by the SHB approach also indicates that about 90% of total evaporation occurred in the 0.5-1.5 mm depth layer. Figure 9 shows the estimated z dry during transient evaporation measurements. The estimated z dry at 18 h was close to zero indicating water connectivity to the soil surface. Estimated z dry reached 1 mm at 28 h and about 2 mm at 40 h. This agrees with the subsurface evaporation of 0.36 mm h À1 occurring in the 1.5-4 mm layer as estimated by the SHB approach at 40 h (Figure 8 ). With progressive drying the evaporation front moved deeper and the estimated z dry increased to 3.3 mm at 56 h, and eventually reached 5 mm at 84 h.
[32] Sensible heat balance evaporation profiles show that evaporation was mainly occurring below the estimated depth of the DSL for our experimental conditions. This agrees with previous studies indicating that vaporization of water occurs at the bottom boundary of the DSL [Hillel, 1971; Campbell, 1985; Yamanaka et al. 1998 ] and liquid water connectivity to the surface is lost at the beginning of falling rate/stage-2 evaporation [Idso et al., 1974] .
Diffusive Vapor Flux During Transient Stage-2 Evaporation
[33] We estimated diffusive water vapor flux for stage-2 evaporation from 40 h onwards in the transient experiment, i.e., for the period when SHB subsurface evaporation profiles indicated that all the evaporation was occurring in the subsurface (Figure 8 ). The diffusive vapor flux (J) was calculated according to Fick's Law (equation (3)) using DSL thickness estimated in section 3.3 and the diffusion coefficient model for dry porous media given by Millington [1959] :
where " is the soil air-filled porosity, D is the diffusion coefficient of vapor in free air (2.57 Â 10 À5 m 2 s
À1
), e soil ¼ 3.03 Â 10 À2 kg m À3 is water vapor density at the drying front, and e air ¼ 5.2 Â 10 À3 kg m À3 is water vapor density in the air above the column at ambient air temperature (20 C) and humidity (30%).
[34] Figure 7 shows that calculated J closely matches evaporation determined by the SHB and mass balance approaches during transient stage-2 evaporation. This further supports results from the SHB indicating that liquid water connection to the surface is lost early in the falling rate stage of evaporation (stage 2). Studies under isothermal conditions also showed ''jumps'' in the evaporation plane from the surface to the subsurface at the end of stage 1, but liquid water connectivity to the surface was reported to be lost at the onset of low, constant rate evaporation . These jumps were reported to be affected primarily by porous media properties. However, under nonisothermal conditions, we observed steep temperature gradients in the near surface as compared to the underlying subsurface layers, in agreement with previous studies , Xiao et al., 2011 , Zhang et al., 2012 . This sharp temperature gradient suggests the importance of energy transfer driven by the radiation boundary condition, which may drive the formation and downward migration of the DSL for nonisothermal conditions.
[35] Together, our observations suggest that under nonisothermal conditions, the DSL forms early in the falling rate stage of evaporation. Evaporation then occurs in the subsurface. The zone of subsurface evaporation is narrow and close to the surface at the beginning (Figure 8 ). With progressive drying, the thickness of the DSL increases ( Figure 9 ) and the evaporation front moves deeper and widens, eventually becoming narrow again at the end of the falling rate stage (Figure 8 ). It is evident that under nonisothermal conditions, temperature gradients in addition to hydraulic properties of porous media play an important role in evaporation dynamics, resulting in relatively quick drying of the soil surface and formation of a DSL early in falling rate evaporation. After formation of a DSL, evaporation occurs in the subsurface and evaporated water is transferred to the atmosphere via vapor diffusion through the DSL. These results are consistent with a number of previous reports [e.g., Hillel, 1971; Idso et al., 1974; Hillel, 1980; Campbell, 1985, de Vries and Philip, 1986; Mayocchi and Bristow, 1995; Yamanaka et al., 1997; Yamanaka et al., 1998; Heitman et al., 2008b Heitman et al., , 2008c Shokri et al., 2009 Novak, 2010] , but differ from recent studies suggesting loss of hydraulic connection to the surface at the onset of stage 3 for isothermal conditions [e.g., .
Summary and Conclusions
[36] Nonisothermal evaporation is a complex process involving both mass and energy transfer. To date, understanding of the transition between atmospherically controlled and late stage evaporation remains limited. The results from our study show that the SHB approach effectively estimated the subsurface evaporation rate with only 0.01-0.03 mm h À1 difference from the mass balance evaporation rate under steady state as well as transient stage-2 evaporation conditions. The SHB approach also provided measurement-based quantification of subsurface, nonisothermal evaporation profiles (i.e., the distribution of the evaporation zone) at millimeter scale under transient conditions over a drying event. Subsurface evaporation matched mass balance in the early falling rate stage, indicating a loss in liquid water connectivity to the surface. Further studies under a wider range of textures and under natural radiation conditions can improve our knowledge of soil water evaporation, especially at the onset and during falling rate evaporation when the evaporation front shifts from the surface to the subsurface.
[37] It remains challenging to directly measure thermal properties of the ''undetectable'' zone near the soil surface. However, the observed ability of HPPs to detect differences in thermal properties of 0-6, 1-6, and 2-6 mm depth zones in the present experiments opens the possibility of a measurement-based estimate of thermal property profiles for the highly dynamic near-surface zone. We used heat-pulse measurements along with independent measurements of for dry soil to continuously estimate the thickness of the DSL over a drying period. The estimated thickness of the DSL was used to compute diffusive vapor flux with Fick's law, which closely matched the mass balance evaporation and subsurface evaporation estimated by the SHB approach.
[38] Measurement-based estimates of near-surface thermal property profiles, DSL thickness, and the capability of the SHB approach to estimate millimeter-scale evaporation profiles provides an opportunity to test existing theories and can help in developing new models capable of precise estimates of near-surface energy and mass transfer occurring at the land surface. The improved knowledge about the soil water evaporation process and near-surface energy and mass transfer will influence research and understanding of various natural processes occurring at wide range of scales (e.g., microclimate for seeds and microbes in the nearsurface to large scale hydrologic and climatic patterns), and has a wide range of applications, such as agricultural and forestry water management and conservation, evaporation from landfill covers, industrial drying processes, and vapor fluxes of various substances from the land surface.
